Dry eye syndrome (DES) is a disease associated with a chronic lack of sufficient lubrication on the eye surface. It is characterized by irritation, watering of eyes, blurred vision, and a sensation of pain. In the most severe cases DES may result in ocular inflammation, ulcers, and even permanent scarring. Given these issues, DES poses a serious health problem. In the United States alone, tens of millions of people suffer from DES,^[@ref1]^ and worldwide it affects up to one-third of the world's population.^[@ref1]^

The issues of DES focus on the eye surface that is covered by a tear film, which is divided into a muco-aqueous gel layer and a tear film lipid layer (TFLL). People without dry eyes have TFLLs that retard the evaporation of aqueous tear fluid,^[@ref2]^ thus maintaining moisture on the ocular surface. People who have dry eyes, however, suffer from conditions where the ocular surface is no longer naturally moist. A key factor, as a common cause of DES, is excess evaporation of tear fluid due to a dysfunctional TFLL.^[@ref3]^

However, the mechanism by which the TFLL of non-DES subjects is able to prevent evaporation has remained a mystery. Unlike monolayers of polar lipids composed of fatty acids and fatty alcohols that effectively retard evaporation of water,^[@ref4]^ the TFLL is mainly composed of nonpolar cholesteryl esters (CEs) and wax esters (WEs).^[@ref5]−[@ref7]^ Despite their nonpolar nature, recent studies on model lipid monolayers have shown that WE films can effectively retard the evaporation of water^[@ref8],[@ref9]^ and that the properties slowing down evaporation are related to the crystalline structure of WE films.^[@ref9],[@ref10]^ It is tempting to ask whether crystalline WEs could also be responsible for the evaporation resistance of the TFLL, because the TFLL is in a semicrystalline state.^[@ref11]−[@ref13]^ Clinical data support this view, because lipidomic studies have revealed concentrations of specific wax esters of DES patients to be reduced compared to those of people without DES.^[@ref14]^ Meanwhile, the idea that the behavior of model lipid monolayers could be used to understand TFLL function is not obvious, because TFLLs are about 10--100 nm thick and characterized by a complex molecular composition.^[@ref5]−[@ref7]^ However, a key fact is that the bulk of the TFLL (under the water--TFLL interface) is rich in WEs whose ability to prevent evaporation in TFLL environments has not been explored. If WEs are the primary factor in preventing evaporation, then how do they do it, and how could this information be utilized in developing new treatments for DES?

To tackle this, we developed an all-atom molecular dynamics (MD) model for WEs, the aim being to correctly describe the crystalline order and the spreading properties of WE films. Molecular simulations have established themselves as one of the excellent methods for studying the properties of biomembranes.^[@ref15]^ In this work, the simulation model used in our studies is based on the widely used OPLS^[@ref16]^ force field and the recently developed models for hydrocarbons^[@ref17]^ and water.^[@ref18]^ This combination gives a valid description of both the WE bulk properties (see the [Supporting Information](#notes1){ref-type="notes"}) and the surface tension of water,^[@ref19]^ making it optimal for WE layer simulations. The simulations were carried out systematically over an extensive range of phase space and were complemented by surface potential and Brewster angle microscopy (BAM) measurements applied to model TFLL (Langmuir) monolayers composed of WEs. The simulation results were consistent with experimental findings and successfully explained experimental results on a molecular level. Altogether, the simulations and experimental results provide compelling evidence that in TFLLs crystalline-state WE regions play a decisive role in preventing or retarding the evaporation of tear fluid. Interestingly, in eye drops currently used to treat DES, WEs are not involved. The present results therefore suggest a new approach for treating this disease.

We chose behenyl oleate (BO; [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}B) as the wax ester to be investigated, because from the commercially available WEs, BO is the closest match to the most abundant tear film WEs. The melting point^[@ref9]^ of BO is 38 °C; therefore, BO is in a crystalline state at the ocular surface, whose temperature is around 33--35 °C. We study these WE layers at numerous packing conditions characterized by the mean molecular area (MMA) along the air--water interface to describe varying surface pressure during eye blinking. After validating the WE simulation model (see [Figure S2](#notes1){ref-type="notes"}), we studied the phase behavior of BO films at the air--water interface by combining MD simulations ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}A) with BAM ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}C). Here, BAM delineates the macroscale appearance of the film, while MD simulations reveal their nanoscale organization.

![Organization of behenyl oleate (BO) films. (A) Snapshots of simulated BO films after equilibration. Color code: red, ester group; orange, hydrocarbon chains; and blue, water. Hydrogens are not shown for clarity. (B) Two main BO conformations and the definition of the angles used in the analysis. Color code: red, oxygen; orange, carbon; and white, hydrogen. (C) Brewster angle microscope images of BO films. Note the logarithmic intensity scale. Scale bar is 500 μm. (D) Mean kink angle and proportion of the water surface covered by BO computed from the MD simulations.](jz-2019-01187d_0001){#fig1}

The studies demonstrated three different types of organization depending on the temperature of the system. Here, we first consider the high-temperature case. At 42 °C, BAM measurements showed that BO forms a film, which resembles a condensed monolayer on a microscopic scale ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}C). As MMA was decreased, full surface coverage ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}C) was observed at MMA ≤ 60 Å^2^/molecule, where the film formed an overlying bulk-like layer ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}C). As seen from the BAM images ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}C), this overlying layer at low MMA aggregated into droplets instead of forming a stable duplex layer. For comparison, MD simulations indicated that at low MMA the film is disordered ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}A), and individual WEs were characterized by an average kink angle (defined as the angle between the carbonyl carbon and two methyl carbons, see [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}B) of 90--105°, matching a kink angle of 101° observed in bulk BO above its melting point ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}D). Here, ∼50% of the ester groups were oriented toward the water phase. While at large MMA the disordered layer did not cover the full surface ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}A,D), for MMA less than ∼50--60 Å^2^/molecule, the simulations highlighted uniform but thicker droplet-like layers along the surface, in line with the BAM data.

Second, at 37 °C, slightly below the melting point of BO, simulations highlighted spreading (similar to behavior observed at higher temperatures) ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}A,D), but the collapse took place by formation of crystalline regions of molecular thickness. Within the crystalline regions, molecules adopted extended conformations as shown by the kink angle of ∼125° ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}D). This feature was observed in BAM images ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}C) as the appearance of thick, solid crystals with uniform intensity.

Third, at room temperature (24 °C), well below the melting point of BO, simulations revealed the kink angle to be high ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}D), and the film was completely crystalline and did not spread, leaving the water surface exposed even for MMA as low as ∼35--40 Å^2^/molecule. The same behavior was observed in the BAM images ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}C).

As shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}, spreading occurred at temperatures below the melting temperature. However, because of the low equilibrium spreading pressure of BO (∼1 mN m^--1^), spreading from solid crystals begins just a few degrees before the melting point, as described earlier for behenyl palmitoleate.^[@ref10]^ The results also show that the spreading film is not strictly monomolecular, and molecular orientation in the film is only weakly affected by the presence of the water surface.

Equilibrium between solid crystals and a disordered thin film appears to be the key to the evaporation retarding properties of WE films, because WEs slow down evaporation only in the temperature range of less than 10 °C below their melting point.^[@ref9],[@ref10]^ This is likely due to spreading, which promotes two-dimensional crystallization at the water surface over formation of three-dimensional crystals and aggregation. This leads to high surface coverage of the solid crystal phase and effective reduction of evaporation.

Because it is currently impractical to perform simulations that would be long enough to render spontaneous crystal nucleation possible, an initial nucleus is instead required (see the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.9b01187/suppl_file/jz9b01187_si_001.pdf)). Obviously, the molecular conformation within the initial nucleus will have an impact on the final crystal structure. In the current study, the initial conformation of the crystal nucleus used in the simulations was based on reported structural data on saturated wax esters.^[@ref20]−[@ref22]^ However, it is possible that crystals forming at the air--water interface may differ from those in the bulk.

Because of this limitation, we looked for additional confirmation that the nanoscale organization revealed by the MD simulations is accurate. To this end, we compared the surface potential calculated from equilibrated BO monolayer simulations with experimentally measured data ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}A) and found good qualitative agreement. In experiments at 42 °C, above the melting point of BO, surface potential increased during compression until a limiting area of ∼60 Å^2^/molecule was reached. For smaller MMA, a plateau was observed at ∼235 mV (corresponding to an average vertical dipole moment of 375 mD). This can be attributed to the collapse of excess BO over the monolayer ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}). The low vertical molecular dipole moment compared to expanded monolayers of ethyl and butyl esters (approximately 540 mD)^[@ref23]^ also supports the view of a disordered layer organization, with ester groups only weakly oriented toward the water phase as described above. Simulations above the melting point are qualitatively in agreement with this picture.

![(A) Surface potential of behenyl oleate films. Solid lines: experimentally determined surface potential, where shaded regions depict standard deviation calculated from at least 4 compression--expansion measurements. Markers: simulation data. Markers and lines: surface potential from MD simulations. Error bars were determined using block averaging. (B) Distribution of the angle between the BO carbonyl bond and surface normal (θ~n~, see [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}B) calculated from MD simulations at 37 °C.](jz-2019-01187d_0002){#fig2}

At 37 °C, right under the melting temperature, surface potential again increased during compression; however, at ∼40 Å^2^/molecule the surface potential collapsed. Simulations described a similar collapse. This decrease is associated with the reorientation of WEs during the formation of the crystal phase: the ester dipoles undergo a change where they become largely parallel to the air--water interface ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}B).

In experiments at room temperature (24 °C), no spreading occurred. The individual floating solid crystals were sensed by a surface potential probe only if they were strongly packed ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}B).

Currently available experimental methods can only determine the average evaporation resistance of WE films, but MD simulations are also able to quantify the evaporation resistance of different film regions. In the evaporation simulations, we calculated the potential of mean force (PMF) using umbrella sampling and extracted the diffusion coefficients from the mean-squared displacement (MSD). The MMA was set to 24 Å^2^/molecule, and the temperature was chosen as 27 °C. The evaporation resistance of BO films was determined using the inhomogeneous solubility--diffusion model^[@ref24]^ for three different cases: a disordered film, a perfectly crystalline film with no defects, and a crystalline film with a boundary between two crystallites. For all three cases, the density, diffusion coefficient, PMF, and permeation resistance profiles are shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}A--D.

![Results of the permeation simulations of BO films at a mean molecular area of 24 Å^2^/molecule at 27 °C. In all panels the color coding is as follows: red, disordered BO film; blue, crystalline BO film; and green, crystalline BO film with a domain boundary. Shaded regions depict error estimates. (A) Density profiles of the interface, with black describing average water density. (B) Diffusion coefficient profiles. For comparison, horizontal lines depict diffusion coefficients in water^[@ref40]^ (full line) and amorphous low-density polyethylene (LDPE)^[@ref28]^ (dotted line). (C) Free-energy profiles. Dotted line depicts the hydration free energy (see the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.9b01187/suppl_file/jz9b01187_si_001.pdf)). (D) Permeation resistance profiles. Note the logarithmic *y*-axis.](jz-2019-01187d_0003){#fig3}

Within a disordered BO film, the diffusion coefficient and free energy were almost constant, as expected for a homogeneous film. Results show no additional evaporation resistance for the surface film at the BO--water interface. The diffusion coefficient of water within the disordered BO film was observed to be (0.28 ± 0.02) × 10^--5^ cm^2^ s^--1^ ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}B), and a change in free energy was identified as (−2.2 ± 0.6) kJ mol^--1^ with respect to the gas phase ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}C), resulting in a permeation resistance of approximately (1.9 ± 1.2) × 10^5^ s cm^--2^ ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}D). No experimental values were found in the literature for BO, but for liquid hexadecane at 35 °C, a diffusion coefficient of 4.95 × 10^--5^ cm^2^ s^--1^ and an oil--air partition coefficient of 1.6 (free energy of −1.2 kJ mol^--1^) have been reported, resulting in a permeation resistance of 0.13 × 10^5^ s cm^--2^.^[@ref25]^ Considering the approximately 10-fold higher viscosity of wax esters compared to hexadecane,^[@ref26],[@ref27]^ and the fact that diffusion is inversely proportional to viscosity, the simulation results appear to be in good agreement with experimental values. Moreover, considering the thickness range relevant for the TFLL (10--100 nm), a disordered BO film could hypothetically provide a total evaporation resistance of 0.2--2 s cm^--1^, assuming complete wetting.

Crystalline BO films with no defects had a complex evaporation resistance pattern with the highest resistance found in the region of the saturated alkoxy chains and resistance minima in the ester group and acyl chain regions. Average evaporation resistance was 1 × 10^16^ s cm^--2^ (see [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}D), mainly because of the large free-energy barrier ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}C). Diffusion coefficient within the crystalline film was also approximately one order of magnitude smaller compared to the disordered film, but it had only a minor effect on the evaporation resistance. The large free-energy barrier of the crystalline layer yields a total permeation resistance of 1 × 10^9^ s cm^--1^ for a single-crystalline BO layer, which is comparable to a 1 mm thick film of amorphous low-density polyethylene.^[@ref28]^

However, as can be seen from [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}, defects in the crystalline layer can reduce the free-energy barrier, resulting in a lower total permeation resistance of approximately 20 s cm^--1^, comparable to that of monolayers of evaporation-resistant polar lipids, such as docosanol.^[@ref4]^ It should be noted that the permeation resistance through a crystal defect depends on the exact nature of the defect, and the results presented here are therefore indicative, demonstrating increased water permeability in crystallite boundary regions. While determining the effect of different defects is beyond the scope of this study, the results shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} suggest that the evaporation resistance of a solid WE film is determined by the amount of lattice defects and grain boundaries, because permeation through an intact crystal is negligible. This is in line with previous works that have shown permeation of water^[@ref29]^ and oxygen^[@ref30]^ through condensed lipid monolayers to occur mainly through interdomain boundaries and intradomain defects. In fact, even microscopic holes are common in solid BO films, persisting for tens of minutes ([Figure S5](http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.9b01187/suppl_file/jz9b01187_si_001.pdf)).

The present study is the first one in which it has been shown in molecular detail how not only the lipid content but also the phase state and the structural organization of the TFLL critically determine its ability to minimize the evaporation of aqueous tear fluid from the ocular surface and therefore to avoid symptoms of DES. The central factors neglected in previous studies are *wax esters* in the *crystalline* state that in our atomistic simulations were observed to reduce evaporation of tear fluid in a concerted manner. Previous simulation studies^[@ref31]^ have missed finding this critical piece of knowledge, and the reason is quite simple: all the previous simulations have been based on the use of coarse-grained models,^[@ref32]^ which allow simulations of large systems at microsecond time scales but lack the ability to describe crystalline order. This is the key reason why the present work was conducted through atomistic simulations despite their considerable computational load.

Our findings have several important implications considering the structure and function of the TFLL. First, the TFLL-like WEs spread as thin films on a water surface as temperature approaches the melting point of the WE. Tear film WEs likely behave in a similar manner on the tear film surface, because the physiological temperature of the ocular surface matches the melting point determined for tear film lipids.^[@ref33]−[@ref35]^ The fact that pure WEs spread under these conditions on a water surface contradicts the view that polar lipids, such as O-acyl-ω-hydroxy fatty acids or phospholipids, are required for the formation of a stable lipid film on the tear film surface. The limited importance of polar lipids would be consistent with the most recent lipidomic analyses, which suggest that the TFLL may contain only small amounts of polar lipids.^[@ref5]−[@ref7],[@ref36]^ Second, because the TFLL is partially crystalline, it is likely that crystallization takes place at the water--lipid interface, or in its vicinity, similarly to what was described for BO in this study. Further studies of multicomponent TFLLs would be highly welcome, with lipid content matching realistic TFLL compositions,^[@ref5]−[@ref7]^ and are currently being done. Third, reduction of evaporation is likely to result from organized crystalline layers within the TFLL at the water--lipid interface. Clinical studies have shown that TFLL thicknesses of only 10--20 nm suffice to produce normal tear film thinning rates.^[@ref37],[@ref38]^ As shown above, a crystalline BO layer (thickness ≈ 5 nm) with no defects could hypothetically reduce evaporation by close to 100%. The most important parameters would then be the surface coverage and the number of defects and grain boundaries in the crystalline layer. Local defects could lead to faster local evaporation, which has recently been suggested as a mechanism for tear film breakup.^[@ref39]^

To prevent evaporation from the tear film during the interblink period, such a film would need to reach a crystalline state and high coverage within seconds after the blink. Therefore, uncovering the critical parameters associated with the nonequilibrium spreading and crystallization of such interfacial films may reveal potential pathological mechanisms and new possibilities for the treatment of DES.

The Supporting Information is available free of charge on the [ACS Publications website](http://pubs.acs.org) at DOI: [10.1021/acs.jpclett.9b01187](http://pubs.acs.org/doi/abs/10.1021/acs.jpclett.9b01187).Details of both computational and experimental methods and additional results ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.9b01187/suppl_file/jz9b01187_si_001.pdf))Topology files in a GROMACS-compatible format ([ZIP](http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.9b01187/suppl_file/jz9b01187_si_002.zip))
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